Several thermal spray processes developed recently are characterized by relatively low temperature and higher velocity of sprayed particles. They include cold spray, high velocity oxy-fuel spray, and warm spray, in which majority or all the sprayed particles are in solid phase when impinging onto the substrate surface. Therefore, in order to understand the coating formation process of such processes, detailed knowledge concerning impact phenomena of a solid particle is essential. It is generally accepted that there exists a minimum velocity beyond which a particle adheres to the substrate and this velocity is called the ''critical velocity''. How the critical velocity depends on various materials and process variables is not fully understood yet. In this study, analysis of a metal particle impacting onto a metal substrate was carried out by using a dynamic finite element code (ABAQUS). Effects of a substrate and a particle temperature on the critical velocity were numerically studied. Also, effects of thermal conduction on the simulation results were discussed. It was found that critical velocity decreases with 1) higher stiffness of the substrate, 2) higher particles temperature, and 3) greater particle size.
Introduction
shows various thermal spray techniques classified in terms of particle velocity and temperature. [1] [2] [3] Among these, high velocity oxy-fuel (HVOF), cold spray and warm spray 3) are characterized by relatively high particle velocity and low particle temperature during deposition; the temperatures of majority or all the sprayed particles can be lower than the melting point of the powder material in these processes. Most recently, cold spraying is becoming popular by which coatings can be produced without significant heating of the sprayed powder. 2, [4] [5] [6] [7] [8] [9] Warm spraying is a new spray process developed by the National Institute for Materials Science, which occupies a position between HVOF and cold spray as shown in Fig. 1 . 3) In these processes, coating deposition is governed by the impact phenomena of solid spray particles. Therefore, it is essential to understand the impact phenomena between a solid particle and a substrate in order to understand the deposition mechanisms. It is generally accepted by various experimental results that there exists a critical velocity, which the particle velocity has to exceed in order to obtain a coating successfully as shown in Fig. 2 . 9) Critical velocity depends on sprayed materials and is very important for spray techniques based on the impact of solid particles. Assadi et al. carried out dynamic numerical analyses to simulate such solid particle impact behavior for cold spray process focusing on critical velocity. 4, 8) They calculated the deformation of both the particle and the substrate, together with the resultant strain and temperature distribution as a function of time under adiabatic condition by dynamic analysis. The critical velocity was determined as the velocity at which the maximum local temperature reaches the melting point of the particle. Since their study focused on the situation that a particle and the substrate were the same material intending to simulate the coating deposition process and doesn't consider the effects of the substrate mechanical properties for impact between different materials which are corresponding to adhesion of the first layer of a coating. In this study, the effects of substrate material properties are investigated as well as the influence of thermal conduction and the initial temperature of a particle on the impact behavior.
Analysis
The analyses were carried out by using a commercial finite element code (ABAQUS/explicit version 6.5). Figure 3 shows the axisymmetric analysis model used in this study. A particle with radius r is impacting on the substrate. T p and T s are the temperature of the particle and the substrate respectively. Johnson-Cook plastic deformation model were applied to express high strain rate plastic hardening of the materials. 10, 11) It takes into account strain hardening and thermal softening effects, and strain rate dependence.
where is flow stress, " is plastic strain, A is yield stress, B is strength coefficient, n is strain hardening exponent, C is strain rate coefficient, " Ã is normalized strain rate, and Firstly, calculations were done under the assumption of adiabatic process (no heat transfer). According to the reference, 4) if a value of x el 2 =D th t is equal or above 1, the adiabatic assumption is justified based on the diffusive heat equation, where x el represents an element size and D th and t are the thermal diffusivity and the process time respectively. Substituting typical value x el ¼ 1 mm, D th ¼ 10 À6 m 2 /s, t ¼ 10 ns for the current study, provides x el 2 =D th t ¼ 100. Therefore adiabatic assumption could be reasonable. On the other hands, the influence of the heat transfer is still of interest. The results obtained by including heat transfer were compared with the ones for adiabatic case. Table 1 shows the examples of the material properties of copper and low carbon steel used in the analyses. Note that most of parameters were set as a function of temperature based on handbooks 11, 12) and only the values at room temperature are shown in Table 1 . Figure 4 shows the step-by-step deformation during impact of a copper particle onto a copper substrate calculated for the particle velocity of 550 m/s and the particle radius of 50 mm. The initial temperatures of both particle and substrate were 293 K. Out-flowing of a jet is recognized from the interface between the particle and the substrate. The diameter of the particle after impact is about twice the one of the particle before impacting. The largest deformation occurs around the circled regions, and therefore the highest temperature increase are expected in these areas. Since the region where the maximum temperature appears is very localized, the mesh size used in calculation significantly affects the value as shown in Fig. 5 . Maximum temperatures obtained with mesh size of 0.5 and 1 mm are shown for three different impact velocities at 400, 550 and 600 m/s. As can be seen, the maximum temperature increases significantly with smaller mesh size. Since it takes impractically a long computation time with mesh size below 0.5 mm, the maximum temperature for each velocity was determined by extrapolating the line connecting the two data points obtained at 0.5 and 1 mm mesh size to zero. Strictly speaking, however, as the mesh size is decreased further below 0.5 mm, the maximum temperature must converge to the true temperature and this would rather occur asymptotically than lineally for very small element size A series of such calculation was carried out for a copper particle of 50 mm diameter impacting onto a copper and steel substrate with various velocities. The initial particle temperature was assumed at room temperature. Figure 6 shows how the maximum local temperature during impact deformation increases with the impact velocity for the two kinds of substrate materials. It increases almost linearly with the particle velocity and levels off at the melting point of Cu. Impacting on carbon steel results in remarkably higher maximum temperature as compared to the copper substrate. This is because the particle impacting on the carbon steel substrate undergoes much higher deformation than on the copper substrate because of the former material's higher hardness. As the result, the temperature increase in the particle impacting on carbon steel can be higher than the case for the copper substrate. The critical velocities are obtained at these curves' cross points where the maximum temperature reaches the melting point of copper. There are several concepts of adhesion conditions and the definition of the critical velocities but none of them succeeded to provide clear explanations of the particle adhesion behavior so far. In the current study, the definition that at the critical velocity the melting point of a particle is achieved is selected. Based on the past results, this concept gives reasonable values of the critical velocity when compared with experiment. 4, 8) It should be noted, however, that this assumption essentially tends to overestimate the critical velocity. From Fig. 6 , the critical velocity on the carbon steel substrate was estimated as 210 m/s, whereas it was 560 m/s for the copper substrate. Although this result is very useful to estimate the influence of the substrate properties on the critical velocities, it is necessary to be examined by experiments. The validity of the assumed bonding mechanism could be evaluated in such experiments simultaneously. Figure 7 shows the influence of initial particle temperature on the impact behavior of a copper particle onto a copper substrate. The contours show the equivalent plastic strain Particle impact velocity, V p / ms -1 1673 Fig. 6 Extrapolated maximum temperature as a function of the impact velocity of a copper particle for a copper and a carbon steel substrates calculated for r ¼ 50 mm, T p ¼ 293 K (Adiabatic model).
Results and Discussions
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(left) and temperature distributions (right) when the maximum plastic strain was observed in the jet region of Fig. 4 . The calculation was carried out for the initial particle temperature of 293 and 573 K, projected onto the original spherical particle before impact. Note that the values in the contour figures were pre-extrapolated (before the mesh-size extrapolation) and hence the maximum values appear to be smaller than the values after extrapolation such as Fig. 6 .The particle with the higher initial temperature undergoes much larger plastic deformation, as shown by the values. In this calculation, it is assumed that 90% of plastic work dissipates into heat (which is defined by the elastic heat fraction).
10)
Plastic work per unit time depends on the flow stress and the strain rate. As the temperature of the particle increases, the flow stress decreases as expected from eq. (1) resulting in higher plastic work dissipation into heat by higher strain rate and friction at the interface. Thus, higher temperature increase and the reduction of critical velocity increase are expected for the 573 K particle as compared with the 293 K particle. Figure 8 expresses the variation of critical velocity of a copper particle as a function of the particle initial temperature for the two types of substrate materials. The solid curve is for the copper substrate and the dotted curve is for the carbon steel substrate. As the particle's initial temperature increases, the critical velocity decreases for the both substrates. Because of our definition of critical velocity, the critical velocity is zero when the particle initial temperature equals to the melting point of Cu. The critical velocities for the carbon steel substrate are about half of these on the copper substrate for the most of the range of particle temperature. This figure summarizes two important points; one is that an increase of particle initial temperature can reduce the critical velocity if there is no other detrimental factor such as oxidation not taken into account here, and secondly a harder substrate can reduce the critical velocity by increase of the plastic deformation of the particle. Also, the results imply a matter of practical importance; when the copper powders without heating are deposited on a carbon substrate, only a first layer can be deposited on the substrate if the particle velocity is between 210 and 560 m/s. In order to obtain a thick coating, the particle velocity needs to be over 560 m/s. These predictions made by simulation also need to be examined by experiments in the near future.
Up to this point, calculation was carried out by the adiabatic model. In order to examine if this is truly the case, effects of thermal conduction are investigated. Basically the same finite element configurations are used for thermal conduction analysis except for the additional calculation regarding heat transfer at each step. In the following, particle and substrate materials are copper. During calculation, the thermal resistance at the interface between the particle and the substrate is assumed to be zero; perfect heat conduction is assumed at the interface. Thermal conductivity of copper used in the calculation is 390 W/(mÁK). Figure 9 shows the comparison between the result for the adiabatic model (left), and the thermal conduction model (right) regarding the maximum temperature distribution for the same calculation condition, i.e., the initial temperature of Particle initial temperature, T p /K Fig. 8 Variation of critical velocity as a function of particle initial temperature for the impact of a copper particle (r ¼ 50 mm) on a copper and a carbon steel substrates (Adiabatic model).
the particle and the substrate are room temperature and the particle velocity is set to 400 m/s. The temperature contours are projected onto the original spherical particle. It is obvious that the thermal conduction model resulted in temperature significantly lower than the result by the adiabatic model. This is because the heat generated during impact dissipates into the substrate and to the interior of the particle by thermal conduction. Such dissipation is neglected in the adiabatic calculation. This implies that thermal conduction can affect the determination of critical velocity significantly. Figure 10 shows the influence of the substrate preheating temperature for the maximum local temperature during impact deformation. The solid line is the result from the adiabatic model whereas the dotted curve is by the thermal conduction model. In the case of the adiabatic model, the maximum temperature is almost constant for the variation of the preheating temperature because heat transfer does not happen between the particle and the substrate and the effect of preheated substrate only appears in the substrate mechanical properties. The results show that softening due to the temperature variation did not produce appreciable effects. On the other hand, the result of the thermal conduction model shows a remarkably different behavior. When the substrate preheating temperature is relatively lower, the maximum temperature reached after impact is lower than the case of the adiabatic model because heat dissipates from the particle to the substrate. As the substrate temperature increases, this cooling effect becomes less and less and finally seems to turn into positive at around 773 K. Figures 11 and 12 show the contours of plastic strain for 50 and 15 mm Cu particles with impact velocity of 500 m/s obtained by the adiabatic and thermal conduction model respectively. In the adiabatic case, the results for the two particles are identical. For the thermal conduction model, however, plastic strains induced within the particle as well as Simulation of Solid Particle Impact Behavior for Spray Processesin the substrate are greater than these with the finer particle. This leads to a higher maximum temperature for larger particles and hence the critical velocity should decrease with particle size becoming larger.
Summary
Impact deformation of a solid metal particle (Cu) onto metal substrates (Cu and carbon steel) was analyzed by a dynamic FEM simulation under the conditions comparable to recently developed thermal spray processes such as cold spraying, warm spraying and HVOF.
(1) As particle initial temperature increases, critical velocity decreases for adiabatic model. (2) When substrate preheating temperature increases, critical velocity is almost constant for adiabatic model. But for thermal conduction model substrate preheating temperature increases with decreasing critical velocity. (3) There is no particle size effect on critical velocity in the adiabatic model. For thermal conduction model, critical velocity increases with larger particle size. The results clearly revealed that critical velocity as defined by Assadi is not a unique material property but depends on various factors such as the particle temperature and the substrate mechanical properties. By using a more realistic model taking thermal conduction into account, it was predicted that even particle size could affect the critical velocity.
